Purpose: Women with Reinke's edema (RW) report being mistaken for men during telephone conversations. For this reason, their masculine-sounding voices are interesting for the study of gender stereotypes. The study's objective is to verify their complaint and to understand the cues used in gender identification. Method: Using a self-evaluation study, we verified RW's perception of their own voices. We compared the acoustic parameters of vowels produced by 10 RW to those produced by 10 men and 10 women with healthy voices (hereafter referred to as NW) in Lebanese Arabic. We conducted a perception study for the evaluation of RW, healthy men's, and NW voices by naïve listeners.
Purpose: Women with Reinke's edema (RW) report being mistaken for men during telephone conversations. For this reason, their masculine-sounding voices are interesting for the study of gender stereotypes. The study's objective is to verify their complaint and to understand the cues used in gender identification. Method: Using a self-evaluation study, we verified RW's perception of their own voices. We compared the acoustic parameters of vowels produced by 10 RW to those produced by 10 men and 10 women with healthy voices (hereafter referred to as NW) in Lebanese Arabic. We conducted a perception study for the evaluation of RW, healthy men's, and NW voices by naïve listeners.
Results: RW self-evaluated their voices as masculine and their gender identities as feminine. The acoustic parameters that distinguish RW from NW voices concern fundamental frequency, spectral slope, harmonicity of the voicing signal, and complexity of the spectral envelope. Naïve listeners very often rate RW as surely masculine. Conclusions: Listeners may rate RW's gender incorrectly. These incorrect gender ratings are correlated with acoustic measures of fundamental frequency and voice quality. Further investigations will reveal the contribution of each of these parameters to gender perception and guide the treatment plan of patients complaining of a gender ambiguous voice.
A lthough voicing is produced by a stream of air delivered by the lungs and trachea and inducing vibrations of the vocal folds, it is influenced by various parallel and interconnected processes: namely, it is affected by anatomical, social, cultural, physical, and cognitive constraints. In addition to supporting the linguistic message, a voice also reveals important paralinguistic features related to the speaker, such as age, gender, sexual orientation, race, and emotional status (Kreiman & Sidtis, 2013) . Gender, defined by Oakley (1972) as the social classification into masculine and feminine, and by Collins, Chafetz, Blumberg, Coltrane, and Turner (1993) as a continuum between masculinity and femininity, is a key part of the information transmitted by voice. As soon as a listener hears a voice, the physical features of that voice interact with the listener's own socioculturally driven perceptual expectations and stereotypes, and a judgment is made about the speaker's gender. Gender conceptualization not only helps the listener to adapt the choice of his or her words to the speaker's identity, but it is also a strong predictor of word recognition, whether a particular gender actually utters a gender-associated word more than the other gender or not. Sumner, Kim, King, and McGowan (2013) suggest that phonetically cued social information is extracted from speech along with linguistic information and that this social information modulates the encoding of spoken words and word forms.
Women with cigarette smoking history may develop a vocal fold pathology known as Reinke's edema (RE) . RE is an accumulation of a gelatinous substance, mostly on the superior surface of Reinke's space, responsible for a homogenous polypoid aspect of the membranous part of the vocal folds (from the anterior commissure to the vocal process). It is frequently symmetrical, although rare cases of asymmetrical, unilateral, or localized RE can be found. Yonekawa (1988) proposed a classification of RE into three categories according to the severity of the edema, with Type I being a limited edema, with adequate vocal fold movement and preservation of the phonatory quotient, and Type III being a voluminous edema, causing permanent contact between the vocal folds and limiting the abduction of the vocal folds to the posterior third during inspiration. These women complain of being addressed as men, especially in situations in which other gender cues are not available, such as being called "sir" over the phone (see online Supplemental Material S5). A well-documented explanation is that their voices have lower fundamental frequencies (F0) compared with healthy controls (Zeitels, Hillman, Bunting, & Vaughn, 1997) . However, gender cues in voice identification are numerous. Andrews and Schmidt (1997) showed that F0 is not the only cue for that purpose, given that many women with low F0 are still recognized as women. This raises the following questions: Where does the anecdotally reported complaint of women with RE come from? Is it only based on self-evaluation? Can it be confirmed in an experimental setting? Which acoustic parameters make women with RE sound like men?
Men and women with healthy voices represent the two extremes of the gender continuum (Owen & Hancock, 2010) . Many studies suggest that mean value and variations of F0 are the main parameters that distinguish feminine and masculine voices (Andrews & Schmidt, 1997; Avery & Liss, 1996; Hillenbrand & Clark, 2009; Munson, 2007) . Other studies, though, attribute a major role to formant frequencies (Andrews & Schmidt, 1997; Avery & Liss, 1996) . Some other studies link voice quality to gender, with a rough or irregular voice being considered more masculine and a breathy voice more feminine (Klatt & Klatt, 1990; Van Borsel, Janssens, & De Bodt, 2009 ). Note that although voice quality is a perceptive element, various qualities have been linked to multiple objective acoustic parameters. For instance, breathiness has been linked to harmonic-to-noise ratio (HNR) and spectral tilt, creakiness to spectral tilt and roughness to jitter, shimmer, as well as to HNR (Biemans, 2000) . As a matter of fact, women with RE, as well as men with RE, do have higher jitter, higher shimmer, and lower HNR than healthy controls (Zeitels et al., 1997) . However, this is also the case of other hoarse patients who do not systematically complain about the gender ambiguity of their voice.
Therefore, this supplement article aims at improving our knowledge of the role of various acoustic parameters in gender distinction by evaluating their impact on an understudied population, women with RE, through a selfevaluation study (in which a participant rates the gender of his or her own voice and gender identity), a production study, and a perception study. The studied language is Lebanese Arabic, for which no studies on gender and voice have yet been proposed to date.
Speakers and Recording Session
Three groups of speakers participated in the study: 10 healthy women (hereafter referred to as NW), 10 healthy men (hereafter referred to as NM), and 10 women affected by RE (hereafter referred to as RW), with a mean age of 51.4 (SD = 2.9), 47.2 (SD = 3.8), and 54.7 (SD = 3.77) years, respectively. Speakers in the healthy groups were selected from a larger speaker sample according to the participants' age in RW group because of the known influence of age on voice quality. The Institutional Review Committee at Saint-Joseph University, Beirut, Lebanon (CEHDF 390), approved the procedures. Participants signed an informed consent before the beginning of the experiment. As for the RW group, the diagnosis of RE was confirmed in all participants after endoscopic examination of the vocal folds by the first author, using a video endoscope (Storz, Germany). The morphological difference between their vocal folds and healthy vocal folds is shown in Figure 1 .
Instructions were presented to speakers on a laptop screen using E-prime software. We used a H2 Handy Recorder (Zoom Corporation, Tokyo, Japan) with an AKGC520 headset microphone (AKG Acoustics, Vienna, Austria) to ensure a constant distance between the microphone and the participant's mouth. Microphone-to-mouth distance was set at 5 cm. Recorded signals were sequenced and annotated using Praat software (Boersma & Weenink, 2001) . After a test trial, participants were instructed to produce three stable vowels /a/, /i/, and /u/ continuously for 3 s and five words containing these vowels: /ʒaras/ "bell," /bu:za/ "ice-cream," /baˈti:x/ "watermelon," /banadu:ra/ "tomato," /tanʒra/ "pot," using habitual vocal pitch and loudness. There were three repetitions for each stimulus. In each category, the stimuli were presented randomly. At the end of the recording session, the speakers were immediately asked to rank their voice and their gender identity using scales displayed in Lebanese Arabic.
Self-Evaluation Study

Method
In the self-evaluation study, the aim is to determine if the study's sample of RW reported a masculine voice and whether there was a relation between the self-evaluation of their voice and the self-evaluation of their gender identity. The self-evaluation of gender associated with voice, as well as the gender identity can be performed by using different types of scales (see online Supplemental Material S1). We used a unique scale of masculinity and femininity. In doing so, we adopted the standpoint from postmodern theory (Butler, 2006; Collins et al., 1993; Owen & Hancock, 2010) stating that gender perception is not binary but is spread on a continuum. The instructions were given in Lebanese Arabic (see online Supplemental Material S2). Speakers were asked to rate the gender associated with their voice, as well as their own gender identity by giving numbers ranging from 1 to 9, with 1 = maximal masculinity and 9 = maximal femininity. The self-evaluation scores of the gender associated with voice, as well as the gender identity were compared between the groups using the nonparametric Kruskal-Wallis and Mann-Whitney tests. Figure 2 shows the results of the self-evaluation study. The mean scores of the voice self-evaluation were as follows: 6.9 (SD = 1.8) for NW, 2.5 (SD = 1.3) for NM, and 3.6 (SD = 1.9) for RW. A Kruskal-Wallis test revealed significant differences in the way speakers from different groups evaluated their own voice ( p < .001). However, a Mann-Whitney test failed to show any significant difference in the way RW and NM ranked their own voices ( p > .05). The self-evaluation scores of gender identity were 7.4 (SD = 1.7) for NW, 2.7 (SD = 1.5) for NM, and 6.6 (SD = 1.8) for RW. A Kruskal-Wallis test revealed significant differences in the way speakers from different groups evaluated their gender identity ( p < .001). However, a Mann-Whitney test failed to show any significant difference in the way RW and NW rank their gender identity ( p > .05). This selfevaluation study demonstrated that the study group of RW described their voice as masculine, which is in contradiction to the way they perceived their gender identity.
Results
Production Study
Methods
The aim of the production study is to investigate the acoustic parameters that distinguish the voices of RW from those of NM and NW. Voice quality measures were collected by using the VoiceSauce program implemented in MATLAB . These measures included the fundamental frequency (F0) in hertz, the acoustic energy level (energy), the cepstral peak prominence (CPP), and the HNR at various frequency bands, which included the following: 0-500 Hz (HNR05), 0-1.5 kHz (HNR15), 0-2.5 kHz (HNR25), and 0-3.5 kHz (HNR35). The subharmonic-to-harmonic ratio, two measures of spectral slope at low frequencies included the following: the amplitude of the first harmonic minus the amplitude of the second harmonic (H1−H2) and the amplitude of the second harmonic minus the amplitude of the fourth harmonic (H2−H4). Because automatic algorithms for formant detection often fail when analyzing pathological voice qualities, we measured the values of the first and second formant frequencies (F1 and F2) semiautomatically by using a Praat script. This script is based on the analysis of spectrograms and spectra and allows the manual correction of the detected formant frequencies.
Following Iseli and Alwan (2004) , we corrected the measures of spectral slope by taking into account formants and bandwidths. However, to reduce the erroneous estimations of these parameters, we computed the median values of formants and bandwidths for each combination of speaker and stimulus, and we used them to correct the slope measures extracted from the considered signals.
To understand which acoustical parameters differentiate RW from NW and NM, we built separate linear mixed models for each parameter. In each model, the speaker group was represented by a three-level factor with RW as a reference level. The vowel identity was also represented by a three-level factor, but it was coded with a deviation from the mean contrast (assess the deviation of the behavior observed during the production of /i/ and /u/ from the behavior observed on average across vowels). The interaction between speaker group and vowel quality was also included. Due to the coding scheme chosen for the vowel identity, the mean effect of speaker group represented the average effect across the three vowels. Analyses were restricted to isolated vowels and stressed vowels in words. We used the average stable midportions of the vowels to conduct the statistical analysis. The random effects structure included a random intercept for each speaker and vowel, in addition to a random intercept specific to the word containing the vowel (with an additional level for vowels produced in isolation). Moreover, we included a speaker-specific random term for the effect of the vowel (models including a speaker-specific random term, for the effects of the word containing the vowel, did not converge). Only interactions that resulted in significant effects or whose inclusion determined a significant improvement of the model's fit (as assessed through a chi-square test between the residuals of the models with and without the interaction) were retained.
The p values were computed using the Satterthwaite's approximation (Bolker et al., 2009) for the degrees of freedom as implemented in the R package ImerTest (Kuznetsova, Brockhoff, & Christensen, 2015) . To be able to correct for multiple testing from the same data, p values were adjusted with the false discovery rate criterion, as proposed by Benjamini and Yekutieli (2001) . We adopted the False Discovery Rate approach instead of the Bonferroni correction, because the Bonferroni correction becomes increasingly conservative the higher the number of factors tested, whereas methods on the basis of the false discovery rate maintain their statistical power, even in presence of a large number of factors (Benjamini & Yekutieli, 2001) .
Results
The box plots of the acoustic parameters are displayed in Figure 3 . The results of the linear mixed models are found in online Supplemental Material S3. F0 is higher in NW than in RW (estimate = 54.8; t = 4.45; p = .005). There is no statistically significant difference in F0 between RW and NM (estimate = −34.06; t = −2.8; p = .22).
Concerning formant frequencies, there are significant differences between values found in RW compared with those found in NM, but no differences in the values found in RW compared with those found in NW. F1 is smaller in NM than in RW (estimate = −69.6; t = −5.5; p = .0005). F2 is smaller in NM than in RW (estimate = −186.8; t = −6.5; p = .0000). F2 is smaller for /u/ than the average vowel at least for RW (estimate = −713.06; t = −31; p = .0000). The difference in F2 between /u/ and the average vowel is significantly reduced in NM (estimate = 127.06; t = 4.1; p = .01).
The following paragraph focuses on voice quality features. H1-H2 is higher for NW than for RW (estimate = 5.9; t = 3.7; p = .02). The difference in H1-H2 between NW and RW is reduced when the vowel /u/ is produced within words (estimate = −3.7; t = −3.1; p = .049). There are no major differences for H2-H4 between the three groups except when the vowel /u/ is produced in the word internal position; in this situation, the difference in H2-H4 between NW and RW is significantly reduced (estimate = 10.09; t = 5.4; p = .0000). CPP is lower in the production of vowel /u/ for RW (estimate = −1.9; t = −7.3; p = .0000), but the difference in CPP between /u/ and the other vowels is stronger for NW (estimate = −1.4; t = −4.3; p = .0083). HNR05 is lower in vowel /u/ for NW (estimate = −5.08; t = −3.9; p = .02) and for NM during the production of words (estimate = −4.4; t = −3.5; p = .02). HNR15 is higher in vowel /i/ than in the average vowel for RW (estimate = 3.9; t = 3.9; p = .01). HNR15 is lower in vowel /u/ for NW (estimate = −5.2; t = −4.7; p = .002). HNR15 is lower for NM in the production of words (estimate = −4.3; t = −3.5; p = .016). HNR25 is higher for /u/ in RW (estimate = 3.6; t = 4.7; p = .0013). HNR25 is lower for vowels produced within words in RW (estimate = −2.9; t = −3.5; p = .016). The difference in HNR25 between /u/ and the other vowels is reduced in NW (estimate = −5.4; t = −5.4; p = .0005). The difference in HNR25 between isolated vowels and vowels in words is reduced in NM (estimate = −4.1; t = −3.6; p = .01). HNR35 is higher in vowel /u/ for RW (estimate = 4.7; t = 5.9; p = .0000), but the effect is reduced in vowels located in words' internal position in NM (estimate = −4.7; t = −4.3; p = .0009) and is also reduced for vowels produced by NW (estimate = −4.2; t = −3.7; p = .01).
In summary, F0 is lower in RW than in NW, F1 and F2 are lower in NM than in RW but are not significantly different between RW and NW, H1-H2 is lower in RW than in NW, CPP is lower in RW than in NM and NW, and HNR05, HNR15, HNR25, and HNR35 are higher in RW than the other two groups.
Perception Study
Methods
The aim of the perception study is to determine if the voice gender ambiguity of RW is perceived by naïve listeners who listen to the speakers' voices without additional cues. The experimental material includes the vowels and the words of all speakers of the three groups.
First, vowels were randomly presented using headphones to a panel of 25 naïve listeners: 11 women, mean age = 24.7 years (SD = 1.5); 14 men, mean age = 24 years (SD = 1). They were asked to judge each vowel using a button box with 1 = surely feminine, 5 = surely masculine, and a color gradient ranging from pink to blue. "Due" to the listeners being bilingual and the use of French in our academic setting, instructions were given in French. They were as follows: "Pour chaque son que vous allez entendre, choisir entre les 5 options que vous avez, avec comme extrémité gauche 1 = sûrement féminin et extrémité droite, 5 = sûrement masculin." 1 After a 10-min break, the same experiment was conducted with full words.
We chose this binary definition in this part of the experiment because listeners in everyday life are forced to make binary judgments. In fact, according to Eckert (2014) , because it is a fundamental ideological construct, the gender binary can coerce listeners into seeing through a binary lens things that might be seen differently, as a continuum, for example.
All listeners were native speakers of Lebanese Arabic, and none reported a history of speech, language, or hearing disorders. Listeners were medical students; they were unfamiliar with the speakers they were rating. Due to the bimodal distribution of the data (cf. Figure 4) , we only 1 The terms surely feminine and surely masculine will be used throughout the Results section to indicate responses 1 and 5, respectively. submitted trials with extreme response values (1 or 5) to the statistical analyses, and we built a logistic regression model. The dependent variable was the probability to observe a response of surely masculine. The fixed factors were the speaker group (RW, NW, and NM, with RW as reference level), the listener sex (with male as reference level) and the stimulus class (isolated vowel or word, with isolated vowel as reference level), as well as all their possible two-way and three-way interactions. The random effects structure included one random intercept per speaker, one per listener, and one per stimulus. An initial model included also a random slope per speaker group specific to listener identity (to account for listeners' specific effects of speaker group). However, this model did not converge. Therefore, the random slope had to be removed. Due to the coding of factors, the basic effects of speaker group and stimulus class were computed on evaluations by male listeners, while the basic effect of the listener sex was computed on stimuli produced by RW.
Results
The effect of the speaker group shows that male listeners perceived NW as surely masculine less often than RW (estimate: −0.6777, z value: −4.022, probability (Pr; >|z|): 0.0001) but perceived NM as surely masculine more often than RW (estimate: 1.1848, z value: 7.289, Pr (>|z|): 0.0000).
The effect of the listener sex is significant and positive, meaning that in the evaluation of isolated vowels, female listeners judged RW more often as surely masculine than male listeners did (estimate: 0.5409, z value: 2.733, Pr (>|z|): 0.0063). The effect of the stimulus class is significantly negative (estimate: −0.2776, z value: −2.379, Pr (>|z|): 0.0174), meaning that in the evaluation of isolated vowels, male listeners judged RW more often as surely masculine than when producing full words.
The interaction between the listener gender and the speaker group is significant and negative when comparing the judgment of RW and NW (estimate: −0.8218, z value: −4.557, Pr (>|z|): 0.0000). This means that, compared with male listeners, female listeners judged NW as surely masculine less often than RW. This interaction is significantly positive when comparing the judgments of RW and NM (estimate: 0.3582, z value: 2.038, Pr (>|z|): 0.0415), suggesting that female listeners judged NM as surely masculine more often than RW, when compared with male listeners. These effects combined together suggest that RW are perceived as more different from both NW and NM by female listeners than by male listeners. Furthermore, the interaction between the stimulus class and the speaker group was significant, both when comparing the judgments of RW and NW (estimate: 0.4794, z value: 3.187, Pr (>|z|): 0.0014) and when comparing the judgments of RW and NM (estimate: 0.4261, z value: 2.965, Pr (>|z|): 0.0030). This time, the interaction was positive in both cases, suggesting that for male listeners (a) the difference between the probability of evaluating RW and NW as surely masculine decreased in the evaluation of full words and (b) the difference between the probability of evaluating RW and NM as surely masculine increased in the evaluation of full words.
The interaction between stimulus class and listener gender is significantly negative (estimate: −1.2639, z value: −7.405, Pr (>|z|): 0.0000). Considering that female listeners evaluated RW as surely masculine more often than male listeners when hearing isolated vowels, this interaction indicates that in the evaluation of full words, the behavior of female listeners converged toward that of male listeners.
The triple interaction between listener gender, stimulus class, and speaker group is significant both for NW (estimate: 0.9228, z value: 4.028, Pr (>|z|): 0.0001) and for NM (estimate: 0.8845, z value: 3.922, Pr (>|z|): 0.0001), and in both cases, the effect is positive.
When female listeners evaluated full words, the probability of NW and RW being evaluated as surely masculine converged. This is consistent with the effect of interaction between listener gender and stimulus class (showing that RW were perceived less often as surely masculine by female listeners in the evaluation of full words). On the other hand, the probability of NM and RW being evaluated as surely masculine diverged.
Overall, RW were perceived as surely masculine more often than NW and less often than NM. The misclassification of RW was reduced when listeners heard full words. In the evaluation of isolated vowels, female listeners judged RW more often to be surely masculine than male listeners did. Moreover, they differentiated better between RW and NM than male listeners did. The behavior of female listeners was closer to that of male listeners in the evaluation of full words.
The Relation Between Production and Perception Studies
A final analysis was conducted to establish the relations between acoustic parameters and listener evaluations of produced vowels. To relate perceptual judgment to the properties of vowels, we limited analyses to sustained vowels. We chose to study sustained vowels in this preliminary study to avoid the variability observed in vowels produced in words.
As for the analysis of production data, only the listeners' responses corresponding to the extreme values of the judgment scale were considered. We also built separate logistic mixed models for each acoustic parameter and adjusted the p values adopting the False Discovery Rate criterion to correct multiple testing as mentioned previously. In each model, the dependent variable was the probability of observing a surely masculine answer, while the fixed factors were the value of the model-specific acoustic parameter, speakers' groups (with RW as reference) and vowel identity (with the vowel /a/ as reference). We also considered all possible interactions between these factors. Random effects included a speaker-specific intercept and a speaker-specific slope for each of the fixed factors.
Six parameters show a significant relation with perceptual responses, namely, those that measure F0 and voice quality. The results of these mixed models are found in online Supplemental Material S4. The first factor is F0. Its effect is significant and negative for all three groups, which means that when F0 increases, the probability of a speaker being judged as surely masculine decreases. This is especially true for RW (estimate = −0.004; t = −3; p = .03). The second factor is H1-H2. Its effect is significant and negative. When H1-H2 increases, the probability of RW being judged as surely masculine decreases (estimate = −0.035; t = −3.4; p = .01).
The third factor is CPP. Its effect is significant and negative. When CPP increases, the probability of RW being judged as surely masculine decreases (estimate = −0.07; t = −4.15; p = .001). The effect of CPP is specific to the RW group, as it is significantly reduced in NW (estimate = 0.076; t = 3.5; p = .009) and in NM (estimate = 0.074; t = 3.2; p = .02).
The fourth factor is HNR05. For the vowel /i/, the effect is significant and positive, meaning that when HNR05 for the vowel /i/ increases, the probability of being judged as surely masculine increases, compared with the average vowel (estimate = 0.02; t = 3.05; p = .024). For the vowel /u/, the effect is significant and negative, which indicates that when HNR05 for the vowel /u/ increases, the probability of being judged as surely masculine decreases, compared with the average vowel (estimate = −0.03; t = −3.9; p = .002; online Supplemental Material S4, Line 77). The effect observed for the vowel /i/ in RW is significantly reduced in NM (estimate = −0.03; t = −2.9; p = .03). This is also the case for the effect observed for the vowel /u/ (estimate = 0.03; t = 3.3; p = .01).
The fifth factor is HNR15. For the vowel /u/, its effect is significant and negative, which indicates that an increase in HNR15 in vowel /u/ is associated with a decrease in the probability of being judged as surely masculine compared with the average vowel (estimate = −0.03; t = −3.2; p = .015). The effect observed in RW for the vowel /u/ is reduced in NM (estimate = 0.03; t = 2.75; p = .05).
The last factor is HNR25. Its effect is significant and negative, indicating that an increase in HNR25 is associated with a decrease in the probability of being judged as surely masculine (estimate = −0.02; t = −2.7; p = .05). This effect is more important in RW for the vowel /u/ (estimate = −0.04; t = −3.4; p = .01), although this is not the case in NM, where the combined effect of HNR25 and vowel /u/ is significantly reduced (estimate = 0.04; t = 2.79; p = .05).
General Discussion
This is the first study on gender in Lebanese Arabic voices. It is also one of the few studies tackling gender perception of women's voices (Munson, 2007) . We have demonstrated, through the self-evaluation study, that RW describe their voices as masculine, whereas they describe their gender identity as feminine. This observation confirms what has been previously reported anecdotally in the literature referring to the complaints of RW concerning the masculinity of their voices. Results in RW can be related to those of transgender speakers who have a conflict between their self-perception of a feminine gender identity with a masculine voice (Owen & Hancock, 2010) . These findings might be responsible for the psychosocial complaints that need to be addressed when treating RW.
In the perception study, participants had the option of classifying the voices on a scale ranging from surely masculine to surely feminine, reflecting their degree of confidence; we found that the options in the middle were less frequently used than the extremes, suggesting that listeners were, most of the time, confident with their decision and that they tended to perceive masculine and feminine voices on a binary basis rather than on a continuum (Eckert, 2014) . However, this conclusion should be interpreted with caution because all adopted labels are related to both gender categories (with intermediate values coding the level of confidence of listener judgments). RW were more often classified as surely masculine than NW and less frequently classified as surely masculine than NM. These results confirm the incorrect classification of RW's voices with respect to gender information and make these voices suitable for studying the acoustic parameters responsible for the perception of voice gender.
It seems that the perception of voice gender depends on the listeners' sex because female listeners judged RW more often to be surely masculine than male listeners. This finding may be explained by the fact that female listeners are often reported as more precise in their perceptual judgments (Namy, Nygaard, & Sauerteig, 2002) or by the fact that due to differences between male and female anatomy, female listeners can rely on internal models more closely matching the production systems of other female speakers. This is important to note because it means that the masculinity of RW is mostly established by other women. This observation was reported by one of the RW speakers who said that men say that she has a sexy voice over the phone, but women often call her "sir" over the phone. Regardless of the interpretation, this result contradicts the hypothesis that people have an increased discrimination of voices of the opposite sex due to an increased attention to evolutionary relevant stimuli (Junger et al., 2013) . This is especially true for isolated vowels. RW were more often judged as surely masculine when producing isolated vowels than when producing words. This is compatible with the words containing more suprasegmental gender information that allows a finer tuning of the gender classification of voice.
We found that F0 is lower in RW than in NW as previously mentioned in literature (Lim, Choi, Kim, & Choi, 2006; Zeitels et al., 1997) . Other measures related to voice quality have been found to distinguish the voices of RW: H1-H2, H2-H4, CPP, HNR05, HNR15, HNR25, and HNR35.
H1-H2 is related to the open quotient. Therefore, the lower value observed in RW indicates a shorter open phase and less breathy voice with respect to NW. This is compatible with the fact that RW have edematous vocal folds that limit the duration of the open phase. Indeed, RW do have different glottal characteristics from those found in NW because the homogenous edema allows a complete glottal closure (complete glottal closure is also often observed in healthy men) leading to less energy loss at the glottis and lower H1-H2 values (Hanson, 1997) . H2-H4 is higher in RW for the vowel /u/: This might be due to the anticorrelation between H1-H2 and H2-H4 (Garellek, Keating, Esposito, & Kreiman, 2013) or may have other explanations that should be further studied.
CPP is a measure of the degree of harmonic organization. A voice with a well-defined harmonic structure will have a strong cepstral peak. CPP has been primarily linked to breathiness rather than to the severity of hoarseness without a direct link to a specific voice quality (Fraile & Godino-Llorente, 2014) . In this study, CPP is lower in RW than in NM and NW. This reflects a lack of a well-defined harmonic structure in RW's voices related to their hoarseness. This finding is confirmed by the higher HNR05 in RW, which is related to rough voices (Biemans, 2000) . However, HNR15, HNR25, and HNR35 are higher in RW compared with NW. Such findings have been reported in breathy voices often judged as more feminine (Biemans, 2000) . According to these results, RW seem to have some masculine voice features such as F0, H1-H2, CPP, and HNR05; however, they also have some feminine features, such as HNR15, HNR25, and HNR35, as well as formant frequencies. These are not significantly different between NW and RW.
The results of the correlation study between acoustic parameters and voice perception show that factors related to F0 and voice quality play the most important role in listener judgment. The fundamental frequency seems to be the most important factor used by listeners for the judgment of gender in voice in this setting. For F0, higher values related to high-pitched voices are judged as surely feminine, whereas lower values related to low pitched voices are judged as surely masculine independently of the speakers group. CPP is also a relevant factor but plays a more important role in RW. Lower values, related to hoarse voices, are judged as surely masculine. CPP has also been linked to voice attractiveness (Balasubramanium, Bhat, Srivastava, & Eldose, 2012) and to gender classification in children (Chen, Feng, Shue, & Alwan, 2010) . However, it is a measure that deserves further investigation, especially in relation to the gender of voice. It seems that H1-H2, HNR05, HNR15, and HNR25 are less important cues used in the evaluation of the gender in voice in healthy groups. We found that they were used, especially in the case of RW, and that they were more salient in the vowel /u/. This might be explained by the fact that listeners need more cues to classify gender when they hear ambiguous voices.
We acknowledge the limitations of the study. First, it includes only 10 speakers in each category and investigates only three vowels. Second, we did not study full words, although we acknowledge that the production of full words is closer to everyday life situations; the relation between the acoustic parameters measured in full words and the perception of gender will be the object of future studies. Third, because acoustic parameters analyses were performed on sustained vowels and stressed vowels contained in words, we had to restrict the choice of acoustic parameters to be studied. Fourth, we did not study intra-and interrater reliability in the perception study. These results open several perspectives for future development. We plan to study (a) if differences between NW and RW observed in the perception of isolated vowels and words are still observed when listeners hear complete sentences; (b) if male and female listeners rely on different cues to classify gender when they hear voices, especially gender ambiguous voices; and (c) if the perception of RW voices changes after treatment.
Conclusion
RW are perceived as having masculine voices, particularly when judged by female listeners. The perception of gender in RW is linked to F0 and voice quality parameters. RW represent another example of gender ambiguity in voice that has to be further studied and could be used to reveal parameters on which listeners rely to discern gender in voice. A better understanding of how each of these parameters contribute to gender perception could guide the treatment plan of patients complaining of gender-ambiguous voices.
